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sUMMarY: growth rates of the juvenile phase of loggerhead turtles (Caretta caretta) were estimated for the first time 
in the Mediterranean sea from capture-mark-recapture records. thirty-eight turtles were released from italian coasts and 
re-encountered after 1.0-10.9 years in the period 1986-2007. their mean CCl (curved carapace length) ranged from 32.5 
to 82.0 cm and they showed variable growth rates, ranging from 0 to 5.97 cm/yr (mean: 2.5). the association between 
annual growth rate and three covariates (mean year, mean size and time interval) was investigated through a non-parametric 
modelling approach. only mean size showed a clear effect on growth rate, described by a monotonic declining curve. 
Variability indicates that factors not included in the model, probably individual-related ones, have an important effect on 
growth rates. based on the monotonic decreasing growth function which indicates no growth spurt, a von bertalanffy growth 
function was used to estimate the time required by turtles to grow within the observed size range. the results indicate that 
turtles would take 16-28 years to reach 66.5-84.7 cm CCl, the average nesting female sizes observed at the most important 
Mediterranean nesting sites, which can be considered an approximation of the size at maturity.
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resUMen: Tasas de crecimiento y talla a la edad adulta de la tortuga boba (Caretta Caretta) en el mar 
Mediterráneo, estimada a través de registros de captura-marcaje-recaptura. – a partir de registros de captura-
marcaje-recaptura, se estimaron por primera vez en el Mediterráneo las tasas de crecimiento de las fases juveniles de la 
tortuga boba (Caretta caretta). se liberaron treinta y ocho tortugas a partir de la costa italiana y se reencontraron después de 
1.0-10.9 años en el periodo 1986-2007. el promedio de lCC (longitud curvada del caparazón) varió de 32.5 a 82.0 cm y se 
observaron tasas de crecimiento variables, de 0 a 5.97 cm/año (promedio: 2.5). la asociación entre la tasa de crecimiento anual 
y tres covariables (año promedio, talla promedio e intervalo de tiempo) se investigó a través de un modelo no-paramétrico. 
solamente la talla media mostró un claro efecto en la tasa de crecimiento, descrito por una curva monotónica descendente. la 
variabilidad observada indica que factores no incluidos en el modelo, probablemente relacionados con el individuo, tienen un 
importante efecto en las tasas de crecimiento. en base a la función de crecimiento monotónicamente decreciente que indica 
que no hay esfuerzo en el crecimiento, se uso una función de crecimiento de von bertalanffy para estimar el tiempo requerido 
por las tortugas para crecer dentro del rango de tallas observado. los resultados indican que las tortugas necesitarán de 16-28 
años para alcanzar 66.5-84.7 cm lCC, la talla promedio de anidación observada en las más importantes áreas de anidación 
del Mediterráneo, lo que puede ser considerado como una aproximación a la talla de madurez.
Palabras clave: tortuga boba, tasa de crecimiento, captura marcaje recaptura, Mediterráneo. 
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introDUCtion
sea turtle population dynamics is still poorly 
known, and this makes it difficult to understand how 
the populations of these threatened species respond 
to human impacts and thus to plan suitable conser-
vation strategies. in this respect, assessing growth 
rates is fundamental in order to estimate the duration 
of the different life history stages as well as the age 
at maturity (e.g. Heppell et al., 2003a; Mazaris et 
al., 2005). in turn, these parameters are necessary 
to build realistic models of turtle population dynam-
ics that can suggest how a sea turtle population may 
respond to specific threats (e.g. by-catch) acting on a 
specific life history stage (e.g. small turtles feeding 
upon pelagic preys) and how long a specific conser-
vation measure (e.g. longline fishery regulation) may 
take to produce a population recovery (e.g. see Hep-
pell et al., 2003b). this is fundamental for choosing 
among different conservation strategies.
sea turtles may show great variability of growth 
rates, even within the same species, which may be 
caused by genetic, sexual, and/or environmental fac-
tors (see Heppell et al., 2003a). 
For instance, bjorndal and bolten (1988) report-
ed growth rates of loggerhead turtles in the bahamas 
being much higher than those of the same size class 
in the north atlantic (bjorndal et al., 2000a). 
For this reason, growth rates of a certain popu-
lation/area cannot be assumed to be necessarily the 
same as those of another one and it is necessary to 
obtain specific estimates for different populations 
and even at different foraging grounds frequented by 
the same population.
loggerhead sea turtles (Caretta caretta) are listed 
as endangered in the iUCn red list of threatened 
species and they represent the most common sea tur-
tle species in the Mediterranean, widespread all over 
the basin (Margaritoulis et al., 2003). although high 
numbers of atlantic turtles enter the Mediterranean 
(laurent et al., 1998; Carreras et al., 2006a; Casale 
et al., 2008), genetic markers indicate that this popu-
lation is relatively isolated from the atlantic ones 
(Carreras et al., 2006b) and one of its most distinc-
tive characteristics is the significantly smaller adult 
size in comparison with other populations around the 
world (Dodd, 1988; Margaritoulis et al., 2003). this 
may be due to an earlier sexual maturation, to slower 
growth, or to both. Unfortunately, growth rate data 
that could clarify this question are not available so 
far for the Mediterranean. this lack of knowledge 
about the duration of the immature life stage of the 
Mediterranean population hinders the development 
of population dynamics models that can help to 
understand the impact of the anthropogenic threats 
occurring in the basin. the most important one is 
the mortality induced by fishing gear, with differ-
ent fishing gear affecting turtles of different sizes 
(Margaritoulis et al., 2003; Casale, 2008). assessing 
the duration of life stages can therefore help us to 
understand the impact of different fishing gear.
estimating growth rates is not a simple task, be-
cause collecting data from a suitable number of indi-
viduals of an elusive marine species like sea turtles 
is very difficult. Multiple measurements of the same 
individual at time intervals, through a capture-mark-
recapture (CMr) approach, is the most obvious 
method for obtaining such data. However, turtles are 
highly vagile and relatively slow growing, so inten-
sive and long CMr programmes are required. 
the first tagging programme of turtles at sea in 
the Mediterranean was launched in 1981 in italy, 
and was specifically focused on loggerhead turtle ju-
veniles, providing an indication on their movements 
and feeding areas (argano et al., 1992; Casale et al., 
2007). italy is particularly suitable for CMr stud-
ies because it is a large peninsula protruding in the 
centre of the Mediterranean, enhancing both tagging 
opportunities and chances of tag returns.
this study aims to provide for the first time an 
estimation of growth rates in a wide range of sizes 
and ages at maturity for Mediterranean loggerhead 
turtles by analysing CMr data from three italian 
sea turtle tagging projects through a non-parametric 
modelling approach and by using a classic somatic 
growth model.
Materials anD MetHoDs
Data collection 
in order to minimise possible sources of error, 
38 loggerhead turtle capture-mark-recapture records 
were selected according to two criteria: (i) only 
turtles with a time interval between release and re-
encounter longer than one year, in order to reduce 
biases due to possible differences in growth rates 
among seasons of the year (Chaloupka and Musick, 
1997; bjorndal et al., 2000b); (ii) only turtles meas-
ured either by the same person both at release and 
re-encounter or by persons using exactly the same 
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measurement method, in order to reduce possible 
measurement errors. Most of the turtles were imma-
ture, so without sexual dimorphism, and sex was not 
determined.
turtles were tagged with monel or inconel tags 
(styles 49 or 681, national band and tag, Kentucky, 
Usa) attached to one or both front flippers, and 
their curved carapace length notch-to-tip (CCln-t; 
bolten, 1999) was measured.
turtles were originally captured by fishing gears, 
found stranded, or gathered while floating at sea, and 
they were released and re-encountered around italy in 
the period 1986-2007. thirty-six records were from 
three tagging programmes (Univ. of rome, WWF, 
arché) and two additional records were included 
from two other tagging programs (bojan lazar, pers. 
comm.; gregorio De Metrio, pers. comm.).
absolute growth rates (cm/yr) were calculated for 
each turtle as (CCl final – CCl initial)/(days/365).
Data analysis
given the objective of this study, i.e. growth rate 
and age at size, we firstly investigated the relation 
between size and growth as well as any detectable 
effects of possible covariates on the growth function. 
Mean size (the arithmetic mean between release and 
re-encounter sizes) was included in the model to de-
scribe size-specific growth, because it was assumed 
to be more representative of the size class/time in-
terval for which the growth rate was calculated than 
size at release or at re-encounter, which are at the 
extremes of the range. in fact, mean size is consid-
ered as an suitable metric for size-specific growth 
(e.g. Chaloupka and limpus, 1997), assuming a 
linear growth function through the time interval 
between release and re-encounter. However, this is 
seldom the case, especially with long time intervals. 
therefore, to account for possible biases associated 
with this parameter, time interval was included in 
the model as an additional covariate (e.g. seminoff 
et al., 2002). regarding other covariates, growth is 
a time-dependent function affected by three time ef-
fects: age, year (environment) and cohort (genetic, 
environment). Unfortunately, capture-mark-recap-
ture studies usually lack information about age and 
cohort, and we used mean calendar year (the mean 
year between capture and re-encounter years) as a 
covariate accounting for the time effect, as shown by 
other studies (see also limpus and Chaloupka, 1997; 
bjorndal et al., 2000b; balazs and Chaloupka, 2004). 
Mean year was preferred to release or re-encounter 
year for the reasons explained above for the mean 
size. this covariate accounts for the effects of envi-
ronmental variation in the growth process, although 
it cannot be clearly distinguished from age and co-
hort effects and its effects could be masked by small 
sample size and long time intervals. in total, three 
covariates were considered: mean year, mean size, 
and time interval between release and re-encounter.
Data were analysed through a non-parametric 
generalized additive modelling approach (gaM; 
Hastie and tibshirani, 1990), which enables robust 
analysis of regression models with non-normal er-
ror terms and non-linear covariate functional forms, 
and has been used by previous studies on sea turtle 
growth (limpus and Chaloupka, 1997; balazs and 
Chaloupka, 2004; Chaloupka et al., 2004; Chaloupka 
and limpus, 1997). the model examined the non-
linear associations between the dependent variable 
(annual growth rate) and the three growth predictor 
variables (mean year, mean size and recapture inter-
val) and comprised an identity link function, a robust 
quasi-likelihood error function and flexible cubic 
smoothing splines. link functions were used to con-
nect the dependent variable with a combination of 
predictor variables, and thus to model responses of 
the dependent variable related to the predictors. We 
used an identity link function since no other transfor-
mation was considered necessary (see also limpus 
and Chaloupka, 1997). the quasi-likelihood error 
function depends on the empirical mean-variance 
relationship resulting from the data (McCullagh and 
nelder, 1989) and actually accounts for the potential 
correlated error that is intrinsic to data collected by 
mixed longitudinal studies. Cubic smooth splines are 
used to study the relationship between the dependent 
variable and a predictor variable by estimating the 
non-parametric functions of the predictors. an ad-
vantage of using cubic smoothing splines is that they 
reduce the effects of small sample size and outliers, 
highlighting the underlying curvilinear functional 
forms.
Covariate function plots for the gaM model 
fits were developed for each covariate. these plots 
can be used to evaluate the relationship between the 
response variable and the dependent variables by 
centring on the scale of the former and subtracting 
a weight mean to ensure valid pairwise confidence 
interval curves (95%). 
Model fit was described by a t-ratio test to estimate 
how much each covariate contributes to the overall 
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model fit and a non-parametric F test estimated the 
nonlinearity of each covariate included in the model. 
a detailed description of the structure and applica-
tion of gaM models can be found in Chaloupka and 
limpus (1997) and limpus and Chaloupka (1997). 
on the basis of the resulting monotonic declining 
curve (see results) it was assumed that in the observed 
size range growth can be described by a von berta-
lanffy (1938) growth function and its parameters L∞ 
(the mean asymptotic carapace length) and k (growth 
coefficient) were estimated by the program Fisat ii 
(gayanilo et al., 2005) with Faben’s method for the 
analysis of growth increment data (i.e. CMr).
the von bertalanffy (1938) growth function in the 
form Lt = L∞ – (L∞ – L0) e(–kt), where Lt is the carapace 
length at age t, and L0 is the initial carapace length, 
was used to estimate the time required by turtles to 
grow within the observed size range, thus avoiding 
extrapolation outside the range, which is one of the 
main concerns when one is using a von bertalanffy 
growth function. L0 was set as 35 cm, which is con-
sidered as the lower bound of the observed size range: 
the minimum mean CCl was 36.8 cm and the mini-
mum CCl at first release was 32.5 cm.
resUlts
size at first release of the 38 turtles considered 
ranged from 32.5 to 82.0 cm CCl (mean = 57.9; sD 
= 11.8), while size at re-encounter ranged from 41.0 
to 86.0 cm CCl (mean = 65.4; sD = 11.4). Most 
of these turtles were probably immature, because 
the average female starts breeding at a size slightly 
smaller than the average size of nesting females 
(limpus, 1990), which in the Mediterranean ranges 
from 66.5 to 84.7 cm CCl (depending on the nesting 
site and year; Margaritoulis et al., 2003), and males 
appear to reach maturity around 75-80 cm CCl in 
the Mediterranean (Casale et al., 2005).
turtles were re-encountered after 1.0-10.9 years 
(mean = 3.1; sD = 2.2) and their growth ranged from 
Table 1. – summary of parameter estimates of gaM (identity link, quasi-likelihood error term, cubic smoothing splines) fitted to Mediter-
ranean loggerhead turtle growth rates. null deviance: 100.72 null df: 37, residual deviance: 64.351, residual df: 24.995, r2=0.36.
 asymptotic non-linear effects
Parameter estimate se t-ratio P df F P
Constant  152.145 111.99 1.359    
Mean year -0.0731 0.0559 -1.307 ns   
Mean size -0.0516 0.0239 -2.155 <0.05 3 0.238 n.s.
recapture interval -0.0794 0.1327 -0.598 ns 3
Fig. 1. – graphical summary of the gaM analysis on growth co-
variates as summarised in table 1. the response variable (annual 
growth rate) is shown in the y-axis as a centred smooth function 
scale to ensure valid pointwise confidence bands (95%). Covari-
ates are shown on the x-axis. (a) mean size of sizes at release and 
re-encounter, (b) year and (c) recapture intervals in years. solid 
curves indicate the cubic smoothing splines fit for each covariate 
conditioned on all other covariates in the gaM fit; dashed curves 
are pointwise 95% confidence bands around these fits. 
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0 to 5.97 cm/yr (mean 2.5; sD: 1.7). two turtles (70 
and 78 cm CCl) showed no growth after 1.7 and 2.1 
years. 
the gaM regression model provided a fairly good 
fit (r2 = 0.36; table 1) to the size-specific growth 
data and identified significant effects on growth rates 
in spite of the low sampling size and the great indi-
vidual variability. However, the remaining variability 
indicates that some other factors not included in the 
model (e.g. individual, sex, age, and cohort) might af-
fect growth rates as well. among the three covariates 
investigated (mean size, mean year, and time interval), 
only mean size showed an effect on growth rate (ta-
ble 1; Fig 1a-c) and this effect showed no significant 
nonlinearity (table 1; Fig 1a).
the estimated growth function was a monotonic 
curve, with maximum growth rates at smaller size 
classes and gradually decreasing to minimum values 
at larger size classes (Fig. 2). this monotonic curve 
with no spurt growth within the observed range sup-
ports the use of the von bertalanffy function.
the von bertalanffy growth parameters were es-
timated as L∞ = 95.63 cm CCl, which is reasonably 
close to the maximum size of females nesting in the 
Mediterranean (99 cm CCl; Margaritoulis et al., 
2003), and k = 0.077/yr. the von bertalanffy model 
indicates that turtles would require about 9.5-22.3 
years to grow from 35 cm CCl (considered as the 
lower bound of the observed size range) to 66.5-
84.7 cm CCl (range of means of nesting females 
observed in different nesting seasons and sites in the 
Mediterranean; Margaritoulis et al., 2003) (Fig. 3). 
DisCUssion
Growth rate
the results show a great variability in growth 
rates (Fig. 2) that could not be ascribed to the in-
vestigated covariates other than size. the two time 
parameters other than year (age and cohort) could 
not be investigated because of lack of such infor-
mation on individual turtles, a common situation 
in this kind of study, but it may well play a role. 
However, non-time parameters such as individual 
variability may be good candidates for the cause of 
the observed growth-rate variability. For instance, a 
difference in growth rate between sexes has been re-
ported (Chaloupka et al., 2004). growth rates might 
also have genetic bases and vary among populations. 
the Mediterranean is known to be frequented by 
turtles, especially small juveniles, belonging to the 
atlantic populations (laurent et al., 1998; Carreras 
et al., 2006a; Casale et al., 2008) and this may be 
a source of variability. another factor is probably 
spatial variability (e.g. food availability). in fact, a 
variety of different habitats can be found within a 
relatively short distance in the Mediterranean, and 
turtles, especially small ones, have been shown to 
move among distant areas (Casale et al., 2007). in 
such a situation, individuals frequenting, by chance 
or preference, different areas providing different 
trophic resources would be expected to show dif-
ferent growth rates (e.g. Diez and van Dam, 2002; 
balazs and Chaloupka, 2004). 
growth rates showed a declining monotonic 
relation with size. other studies reported either 
similar patterns (e.g. bjorndal et al., 2000a,b) or 
non-monotonic growth curves (e.g. seminoff et al., 
Fig. 2. – estimated size-specific growth rate function for the Medi-
terranean loggerhead sea turtles produced by the gaM model fit. 
open circles represent fitted values for the gaM model, solid curve 
represent the cubic-b smoothing spine fitted to those values. CCl: 
Curved Carapace length.
Fig. 3. – age-specific growth function for the Mediterranean log-
gerheads generated by the von bertalanffy model. 
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2002; balazs and Chaloupka, 2004; Chaloupka and 
limpus, 1997). However, the present results cannot 
exclude a nonmonotonic pattern. First, this lack of a 
significant non-linear effect may be due to a relative 
small sample size in smaller size classes (<50 cm), 
which have wide 95% confidence intervals (Fig. 1a). 
second, mean size from long time intervals may 
confound the real pattern. third, results concern 
only a part of the size range (>35 cm CCl). actu-
ally, when considered together, the present findings 
and the growth rates estimated for turtles <30 cm 
CCl (Casale et al., in press) are compatible with a 
polyphasic pattern. 
although growth of adult turtles is considered 
to be negligible (Carr and goodman, 1970), tur-
tles of the present sample, which are in the range 
of the mean size of Mediterranean nesting females, 
showed relatively high growth rates and the growth 
rate pattern does not suggest a low asymptote in the 
observed range (Fig. 2). these findings are difficult 
to explain with just variability in maturity size, i.e. 
with rare individuals attaining maturity at larger 
sizes than the average (limpus and reed, 1985), and 
may have two main explanations. First, the sample 
includes a high proportion of turtles which mature at 
larger size than was thought on the basis of nesting 
data. the Mediterranean is known to be frequented 
by turtles belonging to the atlantic populations, 
which do not reproduce in the basin and are thought 
to return to the atlantic (Carreras et al., 2007). they 
are characterised by larger size at maturity than the 
Mediterranean populations (Dodd, 1988; Marga-
ritoulis et al., 2003), but have not been observed in 
the basin at large size (the largest individual carrying 
the mtDna haplotype endemic to the atlantic was 
65 cm CCl; laurent et al. 1998). thus, the large 
turtles observed with high growth rates may be at-
lantic specimens, but this would mean that many of 
them remain in the Mediterranean much longer than 
is commonly thought. the second explanation is that 
the assumption that turtles almost stop growing at 
maturity is wrong. a similar puzzling finding of high 
growth rates in turtles of adult size has been reported 
for Chelonia mydas on the Pacific coast of Mexico 
(seminoff et al., 2002), while growth of adult female 
leatherback turtles has recently been demonstrated in 
the pacific coast of Costa rica (Price et al., 2006). 
the growth rates observed in this study (Fig. 2) 
are similar to those from the atlantic: bjorndal et al. 
(2000a) reported comparable growth rates of 10 juve-
nile specimens (with mean CCl in the range >30 cm). 
Age at sexual maturity
Mediterranean nesting females are much smaller 
than atlantic ones (Margaritoulis et al., 2003). the 
reason for this is unclear; among several hypotheses, 
smaller size in the Mediterranean might be associ-
ated with shorter migrations or longer anthropogenic 
impact. as two extreme opposite patterns, this could 
be due either to a lower growth rate with similar age 
at maturity, or a shorter maturation period with a 
similar growth rate. age at maturity may have im-
portant consequences for our knowledge of the dy-
namics of Mediterranean population and its capacity 
to respond to the relevant human impact in the area, 
since the longer the maturation time, the slower the 
population growth (e.g. see Heppell et al., 2003b). 
the results indicate that to reach the mean size of 
Mediterranean nesting females from an initial size of 
35 cm CCl, turtles would take about 9.5-22.3 years. 
another study (Casale et al., in press) estimated that 
in the Mediterranean loggerhead turtles reach 27.9 
cm CCl when 3.5 years old, with a growth rate of 3 
cm/yr in the last period. assuming a growth rate of 
3 cm/year (see also Fig. 2) in the gap between the 
two studies (27.9-35 cm CCl), turtles with a CCl 
of 35 cm might reasonably be six years old. thus, 
age at maturity of Mediterranean loggerhead turtles 
is probably 16-28 years. However, the average age 
is probably in the upper part of this range, since the 
smallest females are from Cyprus only, while the 
other nesting areas with more abundant populations 
(greece, turkey, libya) have larger nesting females. 
in greece, mean sizes are above 81.6 cm CCl, while 
in turkey and libya they are above 76 cm CCl 
(Margaritoulis et al., 2003), corresponding to an 
age over 25.0 and 20.6 years respectively. although 
there is great variability and uncertainty about age at 
maturity, atlantic turtles are estimated to mature at 
over 30 years (Heppell et al., 2003a). if so, present 
results would suggest that Mediterranean loggerhead 
turtles mature at a younger age than atlantic ones.
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